IntroDuctIon
Epithelial stem cells are of interest due to their capacity for organ replenishment and for their potential role in cancer initiation. During the normal life span of an adult organ, stem cells operate to replace lost or damaged tissue to ensure proper organ function 1 . Recently, epithelial stem cells have also been shown as a target population for cancer 2 . Owing to their long-lived nature and inherent self-renewal capacity, adult stem cells are a likely cell of origin for many cancers 3 . The isolation of these cells and investigation into their properties will be useful for understanding their basic biological processes and for designing new therapies.
The prostate represents an ideal model system to investigate the properties of adult stem cells due to the seemingly unlimited ability of the rodent prostate gland to undergo cycles of involution after androgen depletion and subsequent organ regeneration in response to androgen add-back 4 . Perhaps the most important reason to study prostate stem cells (PrSCs) is that they share the property of androgen independence (or castration resistance) with the subset of prostate cancer cells that survive in an androgen-deprived environment and can initiate the lethal phase of the disease, termed hormone-refractory or castrationresistant prostate cancer (CRPC) 5, 6 . Identifying critical self-renewal pathways in PrSCs may provide new therapeutic targets for the treatment of CRPC. Several methods have been described for the isolation of primitive cells from the mouse prostate [7] [8] [9] [10] [11] [12] [13] . Although genetically engineered mouse models can be useful for stem cell isolation, they limit the widespread use of such an approach. We have previously reported the isolation of PrSCs from wild-type mice capable of self-renewal and tri-lineage differentiation in vivo 9 . PrSCs can be reproducibly isolated by fluorescence-activated cell sorting (FACS) using the antigenic profile Lin − Sca-1 + CD49f + (LSC) 10 or Lin − Sca-1 + CD49f hi Trop2 hi (LSCT) 9 . These cells possess a basal phenotype and primarily reside in the region of the gland proximal to the urethra. Primitive cells with basal characteristics and an antigenic profile similar to PrSCs (LSC/LSCT) can be reproducibly isolated from unfractionated prostate when primary cells are cultured in the prostate sphere assay 10, 14 . Here we will describe our methods to isolate PrSCs from primary prostate tissue, culture PrSCs in vitro and measure PrSC activity using quantitative in vitro and in vivo assays (Fig. 1) .
Epithelial cells quickly lose their self-renewal potential when they are cultured in two dimensions 15 . We have developed a threedimensional culture system to maintain and expand primitive prostate cells that retain the capacity for both self-renewal and differentiation 14 . Cells are suspended in a semisolid matrix composed of prostate epithelial growth medium (PrEGM) and Matrigel. Matrigel comprises primarily laminin, collagen, fibronectin and other extracellular matrix (ECM) components. This in vitro environment closely mimics the ECM-rich basement membrane where basal cells reside in the gland. More importantly, basal cells express high levels of ECM-binding integrins that promote proper cell signaling and likely keep them in an undifferentiated state 16 . The culture system is supplemented with selected growth factors and cytokines including EGF and FGF in PrEGM.
Three assays (the colony-forming assay, the sphere-forming assay and the in vivo prostate-regeneration assay) have been developed to measure primitive prostate cell activity 10 . Similar to other epithelial stem cell assays, the colony-forming assay is performed in a two-dimensional culture system and measures both proliferative colony-forming activity and differentiation. Colonies are clonal in origin, express basal and luminal keratins and can be induced to undergo differentiation on addition of androgen 10, 14, 15 . The sphere-forming assay is performed under three-dimensional conditions, as described earlier. Spheres are also clonal in origin, are comprised of several hundreds of cells and can be dissociated and replated to measure self-renewal activity 10, 14, 15 . Sphere cells undergo spontaneous differentiation with the most primitive cells residing around the outside and the more mature cells oriented toward the lumen, similar to the architecture of the native gland 14 . Finally, the in vivo prostate-regeneration assay 17, 18 measures the ability of PrSCs to form prostatic tubules when combined with inductive stroma Isolation, cultivation and characterization of adult murine prostate stem cells and implanted under the kidney capsule or skin (subcutaneous) of immunodeficient mice. Regenerated tubules are indistinguishable from primary prostate tubules, with an outer basal layer, an inner luminal layer and rare neuroendocrine cells 9 . The subrenal regeneration assay can be used to study self-renewal in vivo by implanting prostate cells from transgenic mice harboring a probasin promoter-mediated luciferase, and performing androgen cycling 15 . Although the in vitro colony-forming and sphereforming assays take 7-10 d, the in vivo prostate-regeneration assay takes considerably longer (6-10 weeks). We have functionally defined PrSCs based on their ability to generate colonies, spheres and prostatic tubules in these assays. . Filter through a 0.22 µm filter. Prepare 1 ml aliquots and freeze at − 20 °C for longer-term storage, or refrigerate at 4 °C for up to 2 weeks. Thaw immediately before use and add to Matrigel. 100× Glutamine Weigh out 23.36 g of glutamine powder, and dissolve it in 350 ml water. Stir the solution, and when the powder starts to go into solution, add 12 M HCl until all the glutamine has been dissolved, and the solution is clear. Add water to a final volume of 400 ml, and filter through a 0.22 µm filter. Aliquot and store at − 20 °C for up to 3 months. Trop2-biotin antibody Reconstitute the lyophilized antibody (from R&D Systems) with sterile Tris-buffered saline (pH 7.3) containing 0.1% BSA to a final concentration of 100 µg ml − 1 . Store at 4 °C until expiration date. FACS collection medium To 5 ml DMEM, add 5 ml FBS (50% (vol/vol)), 100 l 100× glutamine (1× final concentration), 100 l 100× penicillin-streptomycin (1× final concentration). Make fresh for each sort. Use 1-4 ml per collection tube. PrEGM Thaw supplements directly before preparing medium. Add all nine supplements to the basal medium. Store at 4 °C for up to 3 weeks, or aliquot into 50 ml aliquots and freeze at − 20 °C for storage. Aliquots can be stored for up to 2 months. Thaw in 37 °C water bath before use.
MaterIals

REAGENTS
• . Store at 4 °C for up to 1 month. Colony differentiation medium PrEGM supplemented with DHT to a final concentration of 10 − 8 M (0.01 µM). Keep refrigerated at 4 °C for up to 2 weeks. Turk's solution Mix together 10 mg crystal violet powder, 3 ml acetic acid (glacial) and make up the volume to 100 ml with water. Solution can be stored at room temperature for up to 1 year.
Collagen Mix together 11.5 µl 1 N NaOH, 56.8 µl 10× PBS and 500 µl collagen. Leave on ice for at least 15 min before use. The solution must be freshly prepared each time the grafts are made. EQUIPMENT SETUP FACS sorting for PrSC enrichment The Special Order BD FACSAria II cell sorter is equipped with four solid-state lasers (laser outputs at 488, 640, 561 and 355 nm). FITC is excited by a 488 nm laser and measured through a 530/30 nm BP 505 nm LP filter. PE is excited by a 561 nm laser and measured through a 585/15 nm BP 570 nm LP filter. PE-Cy7 is excited by a 561 nm laser and measured through a 780/60 nm BP 755 nm LP filter. APC is excited by a 640 nm laser and measured through a 660/20 nm BP filter. Wild-type prostate cells are used as control to set the cutoff value for background fluorescence. Single-color stained wild-type prostate cells are used for compensating between the different color channels. Samples are sorted at 4 °C using a 100 µm nozzle and 23 p.s.i. pressure, and collected into FACS collection media (see REAGENT SETUP) chilled at 4 °C. BD FACSDiva v6.1.1 software is used for collection, storage and analysis of the digital data.
proceDure Isolation of prostate cells • tIMInG 3-4 h 1| Harvest and dissect prostate as described below. Kill a male mouse (8-12-week old), remove the majority of the urogenital system by pulling up on the bladder and cutting the connective tissue below the urogenital sinus (UGS; Fig. 2 ). Place UGS in a 10 cm petri dish containing dissecting media (see REAGENT SETUP). At this point, the bladder, the seminal vesicles, the prostate, the urethra and part of the ureters must be collected in the dish.
2|
The following steps are shown in Figure 3 . Using two dissecting tweezers, hold on to the bladder and remove the two ureters. Using the two tweezers, separate the anterior lobes of the prostate from the seminal vesicles by severing the connecting blood vessel. Remove the seminal vesicles one at a time by holding onto the urethra/prostate with one pair of tweezers and gently pulling the seminal vesicle away at the base. Pull away any chunks of fat still attached to the UGS. Holding on to the prostate, gently pull the bladder away, leaving behind the prostate and the urethra. Unfurl the prostate tubules and pull the urethra away. Transfer the prostate into a new 10 cm petri dish containing fresh dissecting media.
3|
Place each prostate onto a clean surface and mince tissue using a razor blade. Transfer minced prostate tissue into a 15 ml Falcon tube into 9 ml of dissecting media. Add 1 ml 10× collagenase solution, and incubate on a shaker in 37 °C for 2 h.
4|
Spin down the tissue chunks at 1,300 r.p.m. (400g) for 5 min at 25 °C. Remove the supernatant and add 2 ml warm Trypsin/0.05% EDTA to the cell pellet, mix using a pipette and place in 37 °C incubator for 5 min. • tIMInG 30 min to 1 h 14| The spheres can be counted easily using ×50 magnification on an inverted microscope, and following the rim of Matrigel around the wells. If there are too many spheres, the wells can be divided into four quadrants, out of which one or two could be counted and averaged.
? trouBlesHootInG Maintenance and characterization of prscs • tIMInG 2 h setup, followed by varying times for individual assays 15| After 7-10 d in culture the Matrigel can be digested and the spheres can be collected for sectioning, or the spheres could be dissociated into a single-cell suspension to maintain the culture and prepare cells for other characterization.
16|
Aspirate the PrEGM from each well, and add 1 ml Dispase (see REAGENT SETUP). Incubate the plate at 37 °C for 1 h. 
17|
20|
The following assays can be used to maintain and characterize 
Box 1 | SUBRENAL PRoSTATE REGENERATIoN ASSAY
1. This procedure can be performed using freshly isolated prostate stem cells (LSC cells or LSCT cells). The subrenal dissociated prostate cell regeneration assay has previously been described in detail 17 and is described briefly below. Images of the procedure can be seen in supplementary Figure 2 . ! cautIon All experiments involving live rodents must conform to national and institutional regulations.  crItIcal step Be careful not to introduce any bubbles to the mixture! 3. Set a pipette to 18 µl, collect the cell/collagen mix and pipette into a 6 cm tissue culture dish. Place the plate in a 37 °C incubator for 20-40 min to allow the collagen to solidify. Add warm BFS media to the plate, and put back into the incubator until surgery.  pause poInt The collagen grafts could be left in the incubator overnight, if necessary. Do not wait more than 24 h before implanting grafts under the kidney capsule. 4. Surgery: Anesthetize a male SCID mouse using a protocol in accordance with national and institutional regulations. Place the mouse prone, and shave a 3 cm × 3 cm area in the mid back region. Sterilize the area by alternating alcohol and Betadine swabs three times (supplementary Fig. 2a) . 5. Cut a small incision in the skin around the middle of the back, ~1 cm lateral to the spine (supplementary Fig. 2b) . Cut a second small hole in the peritoneum exposed (supplementary Fig. 2c ). 6. Hold the peritoneum open using forceps, and search for the kidney. Once located, use the small fat pad located at the tip of the kidney to pull it to the surface, and out above the skin (supplementary Fig. 2d and e) . 7. Gently grab the thin membrane on the outside the kidney with two forceps, and tear a small hole. Lift the edge of the capsule; push the collagen graft underneath the membrane (supplementary Fig. 2f-h ).  crItIcal step Make sure the collagen plug is securely underneath the kidney capsule. 8. Grab the peritoneum with forceps, and gently allow the kidney to slip back into the body. Make sure the graft does not slip out (supplementary Fig. 2i ). 9. Suture the peritoneum together, careful not to puncture any organs (supplementary Fig. 2j) . Insert a testosterone pellet subcutaneously. Finally, use metal clips to staple the skin closed (supplementary Fig. 2k and l) . ! cautIon Make sure to monitor the mouse until the anesthetics wear off and the mouse is ambulatory. Monitor and medicate the mice in accordance to national and institutional animal care protocols. 10. Remove staples 7 d after surgery. 11. Harvest grafts 6-12 weeks after surgery. 2) and Matrigel, and inject subcutaneously into SCID mice as described below. Alternatively, mix the cells with UGSM and collagen, and implant under the kidney capsule of SCID mice, as previously described 18 and briefly described in Box 1. To test the tubule regenerative capacity of the primary PrSCss or the dissociated sphere cells, one should start this procedure with the cell preparation from Step 12/18 or Step 26. ! cautIon All experiments involving live rodents must conform to national and institutional regulations. Step 20A, Sectioning and immunostaining: up to 1 week
Step 20B, In vitro passaging: 2 h, followed by 7-10 d incubation
Step 20C, In vitro differentiation: 15 min setup, followed by a 10 d incubation
Step 20D, In vivo regeneration: subcutaneous injection: 2 h setup followed by 8-week incubation antIcIpateD results In our hands we can get ~1.0 to 1.5 × 10 6 prostate cells from an 8-to 10-week-old C57/BL6 mouse. We get around 20-23% LSC staining and 8-10% LSCT staining (when gating on the Lin-fraction). From one 8-to 10-week-old prostate we can obtain ~8 to 10 × It is important to remember that basal cells express higher levels of matrix-binding integrins, which may give these cells (Fig. 5a) , and a subset has secretions in the center (Fig. 5b) . The spheres contain mostly basal cells that express high levels of cytokeratin 5 and low levels of cytokeratin 8 (Fig. 6a,b) . The cells located on the outer rim are the most primitive basal cells that express p63 (Fig. 6c) . Full-length AR protein cannot be detected in the majority of the spheres (Fig. 6d) . Western blot analysis has revealed that the sphere cells do express AR protein, but in the absence of testosterone, the protein is quickly degraded. Only small bands representing the degraded protein are seen on western blots, and not the full-length receptor 14 .
In vitro passaging: 1 in 20 dissociated first-generation sphere cells will form secondary spheres. In later generation, the sphere-forming activity becomes closer to 1 in 10. Sections were co-stained with DAPI (blue) and taken at 200× magnification. Images are similar to previously published images 14 . Images of prostate colonies growth in the absence (e-h), or the presence (i-l) of DHT, and stained with CK5 (red; e,i), cytokeratin 8 (green; f,j), CK5/CK8 merged (red/green, g,k), and AR (red; h,l). Images were taken at 100× magnification. Images are similar to previously published images 14 . (m-p) Images of regenerated prostate tubules stained with cytokeratin 5 and 8 (red and green; m), p63 (green; n), AR (red, o), and Synaptophysin (green; p). First three images were taken at 400× magnification. Last image was co-stained with DAPI (blue) and taken at 1,000× magnification for better visualization. All institutional regulations were followed when performing experiments using live mice. In vitro colony assay and differentiation: approximately 1 in 25 primary sphere cells will form colonies in the colony assay (Fig. 5c) . The colonies appear epithelial, with a cobblestone morphology (Fig. 5d) . In the absence of DHT, 95% of the colonies are CK5/CK8 double positive, which is indicative of an intermediate/transit-amplifying phenotype (Fig. 6e-g ). None of these colonies express full-length AR (Fig. 6h) . There are occasional CK8 single-positive colonies, which are probably derived from a luminal-restricted colony-forming cell. Another small percentage of the colonies is CK5 single positive. With the addition of DHT, the majority of the colonies become CK8 high and CK5 low to negative (Fig. 6i-k) . Most of the colonies also express AR in the presence of DHT (Fig. 6l) .
In vivo prostate regeneration: primary isolated LSC and LSCT cells will grow in vivo in both the subrenal and subcutaneous regeneration assays. Cells tend to have more robust growth under the kidney capsule, most likely due to the rich blood supply and inductive microenvironment existing in that area. Stem cells cultured in vitro in the prostate sphere assay will grow better in the subcutaneous regeneration assay. Subcutaneous grafts will likely have a largely mesenchymal or fibroblastic appearance due to UGSM outgrowth, with scattered tubules (Fig. 5e-g ). One in a few hundred cells from an enriched preparation of stem cells (LSCT) will be expected to generate prostatic tubules. Regenerated tubules should contain a typical double-layered epithelial appearance (Fig. 5h) . Immunostaining will show an outer layer of cells expressing the basal keratins (K5, K14) and the transcription factor p63 (Fig. 6m,n) . The inner epithelial layer is larger and columnar in shape, expressing high levels of the luminal keratins (K8, K18) and AR (Fig. 6m,o) . Occasional cells within the basal layer or between layers will express the neuroendocrine marker synaptophysin (Fig. 6p) . In the subrenal regeneration experiment, the tubule-forming activity of the LSC and LSCT cells is similar to the subcutaneous assay, but the tubules appear larger (supplementary Fig. 3a,b) . As in the subcutaneous regeneration assay, cells in the outer layer express the basal markers CK5 and p63 (supplementary Fig. 3c,d) , whereas the inner layer cells express the luminal markers CK8 and AR (supplementary Fig. 3e,f) . The subrenal regeneration assay is also preferred for carcinogenesis studies. Use of SCID mice for the regeneration assays allows testing of the tubule-regenerating capabilities of both primary mouse and human prostate cells in a parallel manner. Studies to purify and characterize stem and progenitor cells from the human prostate using the in vivo model are underway in our laboratory. 
